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The 119 - 126 Sn nuclei have been produced as fission fragments in two reactions induced by heavy 
ions: 12 C+ 238 U at 90 MeV bombarding energy, 18 O+ 208 Pb at 85 MeV. Their level schemes have 
been built from gamma rays detected using the Euroball array. High-spin states located above the 
long-lived isomeric states of the even- and odd-A 120_126 Sn nuclei have been identified. Moreover 
isomeric states lying around 4.5 MeV have been established in 120 > 122 . 124 - 126 g n f r0 m the delayed 
coincidences between the fission fragment detector SAPhIR and the Euroball array. The states 
located above 3-MeV excitation energy are ascribed to several broken pairs of neutrons occupying 
the orbit. The maximum value of angular momentum available in such a high-j shell, i.e. 

for mid-occupation and the breaking of the three neutron pairs, has been identified. This process is 
observed for the first time in spherical nuclei. 



PACS numbers: 25.70.Jj, 27.60. +j, 23.20.-g, 21.60.Cs 



I. INTRODUCTION 

Experimental and theoretical investigations of the 
structure of the 5oSn nuclei have been the subject of much 
interest during the last decades. Their low-lying states 
are textbook examples of shell model approaches, as their 
description only involves excitations of a few neutrons, all 
along the chain of known isotopes, 101_134 Sn. 

The high-spin states of Sn nuclei with A < 120 can 
be populated by fusion-evaporation reactions induced by 
heavy ions. Such experiments, performed many years 
ago, mainly led to the identification of collective rota- 
tional bands up to spin ~ 20h [lj . These bands are built 
on 'intruder' configurations, i.e. two-particle two-hole 
excitations across the Z — 50 closed shell. At mid neu- 
tron shell, this configuration is low in energy, thus the 
collective rotational band being yrast in the mass range 
110-118, dominates the high-spin level schemes. Since 
this is no longer the case for A > 120, the yrast states 
of the heavy Sn isotopes are expected to be only due to 
excitations of neutrons moving in a spherical well, par- 
ticularly the states due to the breaking of several pairs 
in the orbit. Unfortunately because of the lack 

of suitable stable projectile-target combinations, high- 
spin states of heavy Sn isotopes cannot be populated by 
fusion-evaporation reactions. Thus up to now, medium 
spin states of the 120_126 Sn isotopes were only measured 
up to spin J 71 " = 10 + for the even mass and T* — 27/2~ 



for the odd mass, by using reactions induced by light 
ions, deep inelastic reactions, isomeric decays of long- 
lived states of Sn produced by fission of actinides, or 8- 
decays of the high-spin long-lived states of heavy In 0- 
8]. During the completion of the present work, the de- 
cay of a new isomeric state in 128 Sn populated in the 
fragmentation of 136 Xe has been reported @, which has 
been proposed to be the 15~ state expected from the 
(^11/2 )~ 3 (^3/2) ~ X configuration. 

For the studies presented in this paper, the 119_126 Sn 
isotopes have been produced as fragments of binary fis- 
sion induced by heavy ions. We have selected two fusion- 
fission reactions in order to identify unambiguously the 
7-rays emitted by the high-spin states of these nuclei. 
Moreover 7 — 7 angular correlations have been analyzed 
in order to assign spin and parity values to most of these 
states. In addition, new isomeric states lying around 
4.5 MeV have been established in 120,122, 124, i26 Sn from 
the delayed coincidences between fission fragment detec- 
tors and the gamma array. All the observed states can be 
described in terms of broken neutron pairs occupying the 
vhn/Q, orbit. The maximum value of angular momentum 
available in this high-j shell, i.e. for mid-occupation and 
the breaking of the three pairs, has been identified. 



II. EXPERIMENTAL METHODS AND DATA 
ANALYSIS 
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A. Reactions and 7-ray detection 

The 12 C + 238 U reaction was studied at 90 MeV in- 
cident energy. The beam was provided by the Legnaro 
XTU tandem accelerator. The 47 mg/cm 2 target of 238 TJ 
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was thick enough to stop the recoiling nuclei. The sec- 
ond reaction, 18 + 208 Pb at 85 MeV beam energy, was 
studied at the Vivitron accelerator of IReS (Strasbourg). 
The thickness of the target was 100 mg/cm 2 . In these 
two experiments, the gamma-rays were detected with 
the Euroball array consisting of 71 Compton-suppressed 
Ge detectors [T3| (15 cluster germanium detectors placed 
in the backward hemisphere with respect to the beam, 
26 clover germanium detectors located around 90°, and 
30 tapered single-crystal germanium detectors located at 
forward angles). Each cluster detector is com pos ed of 
seven closely packed large- volume Ge crystals [llj and 
each clover detector consists of four smaller Ge crystals 
[llj . The data were recorded in an event-by-event mode 
with the requirement that a minimum of five (three) 
unsuppressed Ge detectors fired in prompt coincidence 
(within a time window of 50 ns) during the first (second) 
experiment. About 1.9xl0 9 (4xl0 9 ) coincidence events 
(within a time window of 300 ns) with a 7 multiplicity 
greater than or equal to three were registered. The offline 
analysis consisted of both multi-gated spectra and sev- 
eral three-dimensional "cubes" built and analyzed with 
the Radware package fl3l |. 

B. Isomer selection 

To identify new isomeric states in fission fragments, 
we have performed another experiment using a fission 
fragment detector to trigger the Euroball array and iso- 
late the delayed 7-ray cascades. The heavy-ion detector, 
SAPhlRQ, is made of many photovoltaic cells which can 
be arranged in several geometries [lij]. In the present 
work, it consisted of 32 photovoltaic modules laying in 
four rings around the target. We have used the 12 C + 
238 U reaction at 90 MeV with a thin target, 0.14 mg/cm 2 . 
Fragments escaping from the target are stopped in the 
photovoltaic cells of SAPhlR. The detection of the two 
fragments in coincidence provides a clean signature of fis- 
sion events. The Euroball time window was [50 ns-l/Lts], 
allowing detection of delayed 7-rays emitted during the 
de-excitation of isomeric states. 

Time spectra between fragments and 7-rays were ana- 
lyzed in order to measure the half-life of isomeric levels. 
The FWHM of the time distribution for prompt 7-rays 
was around 15 ns. In this experiment, new isomeric states 
were found in 12 °. 122 > 124 S n nuclei, which will be detailed 
below. 



C. Identification of new 7-ray cascades 

The fusion-fission channel of the above-mentioned re- 
actions leads to the production of the high-spin states of 



SAPhlR, Saclay Aquitaine Photovoltaic cells for Isomer Re- 
search. 



^150 fragments, mainly located on the neutron-rich side 
of the valley of stability. This gives several thousands of 
7 transitions which have to be sorted out. Single-gated 
spectra are useless in the majority of cases. The selec- 
tion of one particular nucleus needs at least two energy 
conditions, implying that at least two transitions have to 
be known. 

The identification of transitions depopulating high- 
spin levels which are completely unknown is based on 
the fact that prompt 7-rays emitted by complementary 
fragments are detected in coincidence [15l 1 1 61 ] . For each 
reaction used in this work, we have studied the intensities 
of 7-rays emitted by many pairs of complementary frag- 
ments with known cascades to establish the relationship 
between their number of protons and neutrons. The sum 
of the proton numbers of complementary fragments has 
been found to be the atomic number of the compound 
nucleufl so that the 50 Sn isotopes are associated to the 
48Cd isotopes in the 12 C + 238 U reaction and to the 40Z1 
isotopes in the 18 + 208 Pb reaction. The number of 
evaporated neutrons (sum of the pre- and post-fission 
emitted neutrons) extends from 7 to 14 in the first reac- 
tion [13, HI] and from 2 to 7 in the second one (l9j|2fj|. 
The distribution and the mean number of emitted neu- 
trons depend slightly on the N/Z ratio of the investigated 
fragments and on the angular momentum of their excited 
states emitting the 7-rays. Primary fragments populated 
at high excitation energy cool down predominantly by 
neutron evaporation, then the secondary fragments emit 
7-rays. Therefore the number of emitted neutron must 
be low in order to observe 7-ray cascades in the most 
neutron-rich isotopes. 

Many new 7-ray cascades of the 120_126 Sn nuclei have 
been identified using the distribution of masses of their 
partners, as explained below. It is worth noting that the 
use of two different reactions to produce the various Sn 
isotopes has turned out to be essential to disentangle the 
coincidence relationships which are often complicated by 
the existence of many doublets or triplets of transitions 
very close in energy. 

The relative intensity of the lowest transitions in the 
new cascades identified in 120_126 Sn have been measured 
in the spectra in double coincidences with one new tran- 
sition and one transition of a partner. As for the other 
transitions, we have used spectra in double coincidences 
with two transitions of the new cascades. A loss in inten- 
sity occurs when going through an isomeric state. Know- 
ing that the time window was 300 ns for the two experi- 
ments, such an effect has been taken into account for the 
half-lives in the 100-300 ns range, observed in the present 
work. 



2 In the 12 C + 92 8 U reaction, we have also identified a weak exit 
channel: Few pairs of fragments having Z± + Z2 = 94, instead 
of 98, indicates a fission process occuring after the transfer of a 
few nucleons. 
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D. 7-7 angular correlations 

In order to determine the spin values of excited states, 
the coincidence rates of two successive 7 transitions are 
analyzed as a function of 9, the average relative angle 
between the two fired detectors. The Euroball spectrom- 
eter had C| 3 9 = 28441 combinations of 2 crystals, out 
of which only ~ 2000 involved different values of rela- 
tive angle within 2°. Therefore, in order to keep reason- 
able numbers of counts, all the angles have been gathered 
around three average relative angles : 22°, 46°, and 75°. 

The coincidence rate is increasing between 0° and 
90° for the dipole-quadrupole cascades, whereas it de- 
creases for the quadrupole-quadrupole or dipole-dipole 
ones. More precisely, the angular correlation functions 
at the three angles of interest were calculated for several 
combinations of spin sequences, corresponding to typi- 
cal multipole orders (see table IJ) . In order to check the 
method, angular correlations of transitions belonging to 
the yrast cascades of the fission fragments having well- 
known multipole orders were analyzed and the expected 
values were found in all cases. 



TABLE I. Values of the angular correlation functions, R(0), 
normalized to the ones calculated at 75° , computed for several 
combinations of spin sequences and multipole orders (Q = 
quadrupole, D = Dipole). 



Spin sequence 


Multipole 


R(22°) 


R(46°) 


R(75°) 


h-Ja- h 


orders 








14 - 12 - 10 


Q - Q 


1.13 


1.06 


1.00 


12 - 11 - 10 


D - D 


1.06 


1.03 


1.00 


13 - 12 - 10 


D - Q 


0.92 


0.96 


1.00 



When the statistics of our data are too low to per- 
form such a measurement, the spin assignments are based 
upon (i) the already known spins of some states, (ii) the 
assumption that in yrast decays, spin values increase with 
the excitation energy, (iii) the possible existence of cross- 
over transitions, and (iv) the analogy with the level struc- 
tures of the other isotopes. 



III. EXPERIMENTAL RESULTS 

The 7-rays emitted by the low-lying states of 118 ~ 126 Sn 
isotopes have been observed in both fusion-fission reac- 
tions used in the present work. As for 118 Sn, its yield 
is so low as only the decay of its 7~ state is observed 
and the transitions of its partners could not be identi- 
fied. On the other hand, we have measured many new 
7-rays emitted by the high-spin states of 119_126 Sn, the 
results are presented in the three following sections. 



A. New 7-ray cascades of Sn isotopes 

Up to now, the high-spin level schemes of 120 ~ 126 Sn 
isotopes could only be established up to the long-lived 
isomeric states, with V = 10 + or 27/2~ at about 2- 
3 MeV excitation energy, since it is difficult to register 
coincidence relationships between the transitions popu- 
lating and depopulating states having such half-life val- 
ues (T1/2 = 1 — 62 /its) using standard experimental ap- 
paratus. On the other hand, in the fusion-fission experi- 
ments, all the 7-ray cascades located above the long-lived 
isomeric states of the Sn isotopes are easily detected in 
prompt coincidences with those emitted by their comple- 
mentary fragments. Three steps are necessary to carry 
out the search: 

• to find all the 7 rays emitted in prompt coincidences 
with the transitions of the 114_122 Cd fragments in 
the first data set and the 96 - 100 Zr fragments in the 
second one, which do not belong to their respective 
level schemes. 

• to build all the 7-ray cascades using their own co- 
incidences. 

• to assign each 7-ray cascade to one particular Sn 
isotope, from the distribution of masses of their 
partners. 

The first item is illustrated in Fig. [If a), gated by the 
first two transitions of 118 Cd (487 and 676 keV), built 
from the data set of the 12 C + 238 U reaction. Besides 
two transitions already known in 118 Cd in the [950-1250- 
keV] energy range, a lot of new transitions are observed 
and can be assigned to 120_125 Sn, half of them being 
known to belong to the cascades built on their ground 
state (they are labelled by their mass A). Then in or- 
der to find the 7-ray cascades comprising the other tran- 
sitions, all the spectra in double coincidence with one 
transition of 118 Cd and one new transition are precisely 
analyzed. For instance in Fig. [IJb), two new 7 lines at 
241 keV and 557 keV are found to be correlated to the 
new 1190-keV transition and the 487 keV 7-ray of 118 Cd. 
Finally, Fig. [ITc) allows to complete the search of a new 
7-ray cascade: It comprises five transitions at 1190 keV, 
557 keV, 241 keV, 782 keV and 639 keV. In addition, the 
fact that this third spectrum shows the transitions emit- 
ted by several Cd complementary fragments confirms 
that this cascade belongs to the level scheme of one Sn 
isotope. Using the same procedure for each Cd isotope in 
the first experiment, as well as for 96 - 100 Zr in the second 
one, several new 7-ray cascades have been observed in 
the present work. 

To assign every 7-ray cascade to one particular Sn iso- 
tope, we have first analyzed the relative intensities of 
7-rays emitted by the partners in each spectrum in dou- 
ble coincidence with two transitions of the new cascades 
(such as the spectrum shown in Fig.[TJc)). Then we have 
analyzed all these distributions of masses of the partners. 
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FIG. 1. (Color online) (a) Spectrum of 7 rays detected in 
coincidence with the first two transitions of 118 Cd (487 and 
676 keV), built from the data set of the 12 C + 238 U reac- 
tion, in the [950-1250 keV] energy range. All the transitions 
but two ones, emitted by 118 Cd, belong to its complementary 
fragments, 120-125 Sn. They are labelled by their mass A, an 
asterisk being added when the transition belongs to a new 
cascade located above a long-lived isomeric state, (b) Spec- 
trum of 7 rays detected in coincidence with the first transition 
of 118 Cd (487 keV) and the new transition at 1190 keV. Tran- 
sitions emitted by 118 Cd are labelled by Cd. (c) Spectrum of 
7 rays detected in coincidence with the two new transitions at 
1190 keV and 241 keV. Transitions emitted by the 118-120 Cd 
complementary fragments are labelled by their mass. 



Examples of results obtained in the first experiment are 
shown in Fig. [5] The evolution of the Cd yields from 
the top drawing to the bottom one proves that the six 
cascades belong to different Sn isotopes. Similar results 
are obtained from the evolution of the Zr yields associ- 
ated to each cascade, in the second experiment. Finally 
these relative distributions of Cd/Zr masses were com- 
pared to well known pairs of complementary fragments 
and the six new cascades discussed in Fig. [5] were as- 
signed to i20,i2i,i22,i23,i24,i26 Sn _ Their first transitions 

are marked with an asterisk in the spectrum of Fig. HJa). 
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FIG. 2. (Color online) Relative yields of even- A Cd isotopes 
associated to the new 7-ray cascades emitted by the Sn iso- 
topes produced in the 12 C + 238 U reaction. The yield of each 
even- A Cd isotope is computed from the number of counts of 
its 2 + — ► + 7 line in the spectra gated by the two strongest 
transitions of the new cascades (their energies are written in 
each drawing), (a) case of the new cascade assigned to 126 Sn, 
(b) 124 Sn, (c) 123 Sn, (d) 122 Sn, (e) 121 Sn, (f) 120 Sn. The 
new cascades assig ned to 119 Sn and 125 Sn are discussed in 
Sec. IIIIC II 



Their precise location in the Sn level schemes are dis- 
cussed in the next sections. 



5 



B. Study of the even-^1 



3 Sn isotopes 



6312 



Very few medium-spin levels were known in the even- 
A 120_126 Sn isotopes prior to this work. Populated in 
deep inelastic reactions [3, Q, two long-lived isomeric 
states were identified from their 7-decays to the low-lying 
states. Lying between 2 and 3 MeV excitation energy, 
these isomeric states are due to the breaking of one neu- 
tron pair, the state with I v = 10 + being attributed to 
a {vhn/2) 2 configuration and the one with J*' = 7~ to 
a (^11/2X^3/2) configuration. Using the data of the 
two fusion-fission reactions of the present work, we have 
identified the yrast structures of 120 ~ 126 Sn located above 
their long-lived isomeric states. In the following, we first 
present the building of each high-spin level scheme and 
the measurement of isomeric states in the [30-300 ns] 
range. Then, we discuss the angular momentum and par- 
ity assignments of most of the new states of 120 ~ 126 Sn. 



} Sn 



A cascade starting with the 1190-keV and 557-keV 
transitions is assigned to 120 Sn, because of the mass dis- 
tribution of its complementary fragments in the two fu- 
sion reactions (Sec. IIII A"|) . Besides the three other tran- 
sitions shown in Fig. HJb) and (c), namely the 241-keV, 
782-keV and 639-keV 7-rays, a few other 7-lines have 
been found to belong to the cascade, thanks to their co- 
incidence relationships. The whole set forms two linked 
branches which are put on the top of the 10 + and 7" 
states respectively, since two parallel decay paths located 
just below the 241-keV transition, 557+1190 on the one 
hand and 253+661+1253 on the other hand, exactly fits 
the difference in energy between the 10 + and 7" iso- 



TABLE II. Properties of the new transitions assigned to Sn 
in this experiment. The energies of the two long-lived isomeric 
states at 2481.6 keV (F = 7") and 2902.2 keV (F = 10+) 
(written in bold) are from Ref. [2lT |. 



E 7 (keV^. 






Ei(keV) 


E/(keV) 


241.1(2) 


95(14) 


15- - 


-»■ 13" 


4890.1 


4649.0 


252.9(2) 


36(7) 


13" - 


-> II - 


4649.0 


4396.0 


453.7(3) 


9(3) 


16+ - 


-> 14+ 


5672.9 


5219.3 


556.5(2) 


83(12) 


13" - 


4 12+ 


4649.0 


4092.5 


639.0(3) 


14(4) 


(18+) 


16+ 


6311.9 


5672.9 


661.1(3) 


14(4) 


ll - 


-¥ 9" 


4396.0 


3734.6 


782.8(3) 


29(6) 


16+ - 


->■ 15 _ 


5672.9 


4890.1 


1127.0(4) 


17(4) 


14+ - 


-> 12+ 


5219.3 


4092.5 


1190.3(3) 


100 


12+ - 


-¥ 10+ 


4092.5 


2902.2 


1253.0(4) 


14(4) 


9" - 


-> 7" 


3734.6 


2481.6 


1350.8(5) 


5(2) 


(17-) 


->■ 15" 


6240.9 


4890.1 


1493.8(4) 


22(5) 


11" - 


-> 10+ 


4396.0 


2902.2 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to the sum 
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FIG. 3. (Color online) Level scheme of 120 Sn deduced in the 
present work. The colored levels are new. The two long-lived 
isomeric states (T1/2 = 6.26(ll)^ts and 11.8(5) /is) and their 
7-decays to the low- lying states were already known [2lj . The 
355-keV transition, located between two long-lived isomeric 
states, as well as the very converted 66-keV transition, could 
not be observed in our work. The width of the arrows is 
representative of the relative intensity of the 7 rays above the 
isomeric states. 



meric states of 120 Sn (see Fig. [3]). All the transitions 
newly observed in 120 Sn are given in Table [TT1 The spin 
and parity of the new states will be discussed and as- 
signed in Sec. IIII B 51 

Using the data from the SAPhIR experiment, the tran- 
sitions involved in the de-excitation of the 4890-keV level 
have been found to be delayed. The spectrum of 7-rays 
which have been detected in the time interval 50 ns-l/Lts 
after the detection of two fragments by SAPhIR and in 
prompt coincidence with the 241/242 keV transition is 
drawn in Fig. HJa). As this 7 line is a triplet, the spec- 
trum exhibits transitions emitted by the isomeric states 
of three fission fragments, 88 Rb @, 120 Sn and 122 Sn. 
The spectrum shown in Fig.0Jb) is gated by the 253 keV 
7-ray. This line is a doublet, as this energy occurs both 
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in the decay of the 7~ isomeric state of 118 Sn (associ- 
ated with the 1050- and 1230-keV transitions) and in the 
decay of the isomeric state at 4890 keV, newly estab- 
lished in 120 Sn. The statistics of this spectrum is too low 
to show the 1253-keV transition, identified in the thick- 
target Euroball experiment, from double-gated spectra 
having higher statistics. 




FIG. 4. Spectra of 7-rays which have been detected in 
the time interval 50 ns-l/^s after the detection of two frag- 
ments by SAPhlR. (a) 7-rays in prompt coincidence with the 
241/242 keV transition ( 120 Sn and 122 Sn). The 458- and 648- 
keV transitions are pollutions (they belong to the decay of 
the isomeric 7 + state of 88 Rb [22]). (b) 7-rays in prompt 
coincidence with the 253 keV transition, which is a doublet. 
The 1050- and 1230-keV 7-rays are the first two transitions 
of 118 Sn and the 241-, 661-, and 1494-keV ones are assigned 
to 120 Sn. (c) 7-rays in prompt coincidence with the 264 keV 
transition ( 122 Sn). 



The time distribution between the detection of two 
fragments by SAPhlR and the emission of the 1190 keV 
or the 557 keV 7-ray is shown in Fig. [SJa). In order to 
reduce the background, we have selected the events con- 
taining an additional 7-ray belonging to the 241-557-1190 
cascade. Several least-squares fits of this spectrum were 
performed, varying the time interval from 70 to 100 ns 
and shifting the smallest intervals along the time axis. 
The average of all obtained values is Ti/ 2 — 36(4) ns, 
the adopted uncertainty being the observed dispersion 
(greater than the uncertainties quoted for each fit). 



100 



10 



1 

100 



10 



(a) 



■ 36(4) ns 




Sn (15 ; 



(b) 



Sn (15"; 



T, (2 = 146(15) ns 




50 



100 150 
Time (channel) 



200 



FIG. 5. (Color online) (a) Half-life of the 4890 keV state of 
120 Sn obtained from the sum of the time distributions of the 
1190- and 557-keV transitions, (b) Half-life of the 4720 keV 
state of 122 Sn obtained from the time distribution of the 1103- 
keV transition. See text for further details about the gating 
conditions and procedures. 



! Sn 



As for 120 Sn, the starting point is the two transi- 
tions at 1103 keV and 609 keV which have to be placed 
above its long-lived isomeric states, because of the mass 
distribution of its partners in the two fusion reactions 
(Sec. IIII A[) . Several new transitions are observed in co- 
incidence with the 1103 keV and 609 keV 7-rays. All 
the observed relationships result in two linked branches 
which are placed above the the 10 + and 7~ isomeric 
states of 122 Sn, since two parallel decay paths located 
just below the 242 keV transition, 609+1103 on the one 
hand and 264+680+1125 on the other hand, exactly fits 
their difference in energy (see Fig. [6]). Examples of coin- 
cidence spectra of 7 lines belonging to 122 Sn are given in 
Fig. 0Ja) and (c), which demonstrate that all the transi- 
tions involved in the de-excitation of the 4720-keV level 
are delayed. The time distribution between the detec- 
tion of two fragments by SAPhlR and the emission of 
the 1103-keV 7-ray gives Ti/2= 146(15) ns. In order to 
reduce the background we have selected the events con- 
taining either the 609-keV transition or the 242-keV one 
(see Fig. Ob) ). 

All the transitions newly observed in 122 Sn are given 
in Table IIIIl The spin and parity of the new states will 
be discussed and assigned in Sec. IIII B 51 



l Sn 



Similar procedures were used to identify the high-spin 
structures of 124 Sn. By gating on the two coincident 
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FIG. 6. (Color online) Level scheme of 122 Sn deduced in the 
present work. The colored levels are new. The two long-lived 
isomeric states (7i/ 2 = 7.5(9)/is and 62(3) fjs) and their 7- 
decays to the low- lying states were already known [2lj]. The 
281 keV transition, located between two long-lived isomeric 
states, as well as the very converted 75 keV transition could 
not be observed in our work. The width of the arrows is 
representative of the relative intensity of the 7 rays above the 
isomeric states. 



transitions at 1047 keV and 620 keV assigned to 124 Sn 
because of the mass distribution of its partners in the two 
fusion reactions (Sec. IMA"]) , we found the 229- and the 
1178-keV 7-rays, establishing a cascade of 4 transitions. 
Using the data from the SAPhIR experiment, the first 
three transitions have been found to be delayed. The 
time distribution between the detection of two fragments 
by SAPhIR and the emission of the 1047- or the 620- 
keV 7-ray gives T 1 / 2 = 260(25) ns. In order to reduce the 
background, we have selected the events containing an 
additional 7-ray of the 229-620-1047 cascade. Since the 
229-620-1047 sequence resembles well the 242-609-1103 
sequence of 122 Sn and the 241-557-1190 one of 120 Sn, we 
have placed the cascade of 124 Sn directly above its 10+ 



TABLE III. Properties of the new transitions assigned to 
122 Sn in this experiment. The energies of the two long-lived 
isomeric states at 2409.0 keV (F = 7") and 2765.6 keV 
(F = 10+) (written in bold) are from Ref. [2l[. 



E 7 (keV£ 


J a 1 t> 




Ei(keV) 


E/(keV) 


242.1(2) 


52(9) 


15" - 


-> 13" 


4720.5 


4478.4 


263.8(4) 


11(3) 


13" - 


-> II - 


4478.4 


4214.4 


487.3(3) 


14(4) 


16+ - 


-> 14+ 


5386.7 


4899.4 


609.3(2) 


62(12) 


13" - 


4 12+ 


4478.4 


3869.1 


665.9(3) 


17(4) 


16+ - 


-> 15" 


5386.4 


4720.5 


680.3(4) 


7(3) 


11~ 


-> 9- 


4214.4 


3534.0 


696.3(3) 


14(4) 




(17-) 


6650.8 


5954.5 


835.9(4) 


6(3) 


(18+7 


-4 16+ 


6222.6 


5386.7 


1030.3(3) 


38(7) 


14+ - 


-> 12+ 


4899.4 


3869.1 


1103.5(3) 


100 


12+ - 


-> 10+ 


3869.1 


2765.6 


1125.0(4) 


7(3) 


9- - 


-> 7- 


3534.0 


2409.0 


1234.0(4) 


21(5) 


(17-) 


-» 15- 


5954.5 


4720.5 


1448.9(4) 


4(2) 


11- - 


4 10+ 


4214.4 


2765.6 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to the sum 
I-y (609) + I 1 (1030) = 100. 



state at 2657 keV excitation energy (see Fig. [7]) . 

Moreover, we have identified other new transitions in 
124 Sn by analyzing the spectra in double coincidence with 
the 1047-keV 7 ray and one transition of its main com- 
plementary fragments (either 116 ' 118 Cd or 96 ' 98 Zr). An 
example of coincidence spectrum doubly-gated on some 
of the new transitions is shown in Fig. |8] The result- 
ing cascade resembles well those assigned to the lighter 
isotopes, but the link such as the 666-keV transition (in 
122 Sn) and the 782-kev one (in 120 Sn), which is not ob- 
served any more. 

We have looked for a second branch directly linked 
to the 7" isomeric state, as measured in 120 - 122 Sn. In 
the spectrum gated by the 229-keV line (SAPhIR ex- 
periment), a 252-keV transition is observed, as well as 
a weak 377-keV transition, these two transitions could 
be part of the foreseen cascade ending to the 7" state. 
Unfortunately, no high energy transition could be un- 
ambiguously seen in that spectrum, allowing us to com- 
plete the cascade. Nevertheless, using the Euroball data 
sets, we identified a cascade of three transitions (253 keV, 
377 keV, and 1116 keV) which does belong to 124 Sn since 
they are detected in coincidence with the complementary 
fragments expected in the two fusion reactions, namely 
116 - 118 Cd and 96 - 98 Zr. Then we have assumed that the 
253 kev transition measured in the present work is the one 
decaying the 8+ state towards the 7" isomeric state [2ll |. 
All these arguments would lead to a second decay path 
of the 4323 keV state, 252+377+1116+253. It is worth 
mentioning that the number of counts of the 253-1116- 
377 events measured in the Euroball data sets is very 
high as compared to the very weak number of events 
containing the 252-keV transition located just above the 
4071-keV state. This could be due to a large side feeding 
of that state. Since some intensities of the coincidence 
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FIG. 7. (Color online) Level scheme of 124 Sn deduced in the 
present work. The colored levels are new. The two long-lived 
isomeric states (7i/2 = 3.1(5)/iS and 45(5) fis) and their 7- 
decays to the low- lying states were already known [21]]. The 
very converted 78 keV and 120 keV transitions could not be 
observed in our work. The width of the arrows is representa- 
tive of the relative intensity of the 7 rays above the isomeric 
states. 



events establishing that second cascade are very weak, 
we have chosen to draw it with dotted lines in Fig. [7] 

All the transitions newly observed in 124 Sn are given 
in Table IIV1 The spin and parity of the new states will 
be discussed and assigned in Sec. IIII B 51 



The two most intense transitions of the new cascade 
assigned to 126 Sn have energies of 1030 keV and 570 keV 
(see Sec. IIII A|) . The doubly-gated spectrum exhibits new 
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FIG. 8. (Color online) Coincidence spectrum double-gated 
on the 1047-, 996-, and 490-keV transitions of a new cas- 
cade identified in 124 Sn, built from the ls O + 208 Pb data set. 
The 7-rays emitted by the Zr complementary fragments are 
labelled by their masses A, written in italics. 



TABLE IV. Properties of the new transitions assigned to 
124 Sn in this experiment. The energies of the two long-lived 
isomeric states at 2325.0 keV (F = 7~) and 2656.6 keV 
(F = 10 + ), as well as this of the 8 + state, (written in bold) 
are from Ref. [H. 



E 7 (keV^. 


J a, b 


jt- 


+J7 


Ei(keV) 


E/(keV) 


228.5(4) 


13(4) 


15- - 


13- 


4551.8 


4323.2 


251.7(4) 


4(2) 


13" - 


-> if 


4323.2 


4071.4 


253.2(3) 


22(7) 


8+ - 


-> 7" 


2578.4 


2325.0 


377.3(3) 


7(3) 


11" 


-> 9" 


4071.4 


3694.1 


490.2(3) 


39(6) 


16+ - 


14+ 


5189.4 


4699.2 


619.8(2) 


43(7) 


13" - 


-> 12+ 


4323.2 


3703.4 


762.7(3) 


25(5) 


(18+) 


->■ 16+ 


5952.1 


5189.4 


995.8(3) 


57(9) 


14+ - 


-» 12+ 


4699.2 


3703.4 


1024.3(4) 


11(3) 


— > 


(18+) 


6976.4 


5952.1 


1046.8(3) 


100 


12+ - 


10+ 


3703.4 


2656.6 


1115.7(3) 


13(4) 


9" - 


-> 8+ 


3694.1 


2578.4 


1177.7(5) 


5(2) 


(17-) 


-> 15" 


5729.4 


4551.8 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to the sum 



/ 7 (996) + / 7 (620) = 100. 



transitions at 180 keV, 1149 keV and 762 keV. Moreover 
the data of the SAPhIR experiment indicate that the cas- 
cade comprising the first three transitions, at 1030 keV, 
570 keV, and 180 keV, is delayed. Using the same proce- 
dures as previously described, we have measured the half- 
life, T1/2 =160(20) ns. Moreover the spectrum doubly- 
gated by the 1030-keV line and one transition of a com- 
plementary fragment reveals other 7 rays belonging to 
126 Sn, such as 986 keV, 477 keV and 777 keV, which 
form another cascade. Thus 126 Sn exhibits two parallel 
structures having one transition in common, 1030 keV. 
In comparison to the results obtained in the lighter iso- 
topes, we have placed it directly above the 10+ isomeric 
state (see Fig- [9j) - Then we have looked for a second de- 
cay path of the new isomeric state ending to the 7~ state 
at 2219 keV, but we have found no candidate in our data 
sets. This is likely due to the lack of statistics, 126 Sn be- 
ing in the heavy-A tail of the Sn fragment distribution. 
Up to now, no 6+ state was measured in 126 Sn, whilst 
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FIG. 9. (Color online) Level scheme of 126 Sn deduced in the 
present work. The colored levels are new. The two long- 
lived isomeric states and their 7-decays to the low-lying states 
were already known [2l[. The 269-keV transition, located 
between two long-lived isomeric states, as well as the very 
converted 76- and 57-keV transitions, could not be observed 
in our work. The width of the arrows is representative of the 
relative intensity of the 7 rays above the isomeric states. 



such a state is expected to lie below the 8 + state, as in the 
other even- A isotopes. The E2 decays of the 8^ and 
states are hindered because of their low energy, thus these 
levels decay by means of El transitions towards negative 
parity states, 7~ and 5~ respectively (see Figs. [6] and 
[7]). In the present work, we have observed the 6+ — > 5~ 
transitions of 12 °. 122 > 124 Sn in coincidence with the first 
three transitions of their level schemes. Thus we have 
looked for the 6^ — > 5~ 7 ray in 126 Sn, by analyzing the 
spectra doubly-gated by its first transitions (at 1141 keV, 
909 keV, and 112 keV). Figure [TU] shows two spectra, 
built from the 18 O + 208 Pb data set and using similar 
conditions for 126 Sn and 122 Sn. All the observed 7 lines 
are assigned to the decay of known states of either 126 Sn 
( 122 Sn) or their Zr complementary fragments, except the 
new 7 line at 212 keV, which is assigned to the decay of 
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FIG. 10. (Color online) Coincidence spectra double-gated on 
the first two transitions of 126 Sn (a) and 122 Sn (b), built from 
the 18 + 208 Pb data set. The 7-rays emitted by 126 ' 122 Sn are 
labelled by the spin and parity values of the decaying states, 
and those emitted by the Zr complementary fragments are 
labelled by their masses A, written in italics. 

Noteworthy is the fact that 212 keV is also the energy 
of the 2 + — > + transition of 100 Zr. The observation of 
prompt coincidence between a 7 ray at this energy and 
the first transitions of 126 Sn could have been interpreted 
as the fact that 100 Zr is a complementary fragment of 
126 Sn, meaning that the compound nucleus of the 18 O + 
208 Pb reaction, 226 Th, may fission before emitting any 
neutron. Such process has never been observed, as ex- 
pected since neutron emission from an excited compound 
nucleus is always faster than the fission. The coincidence 
relationships measured in the 12 C + 238 U data set cor- 
roborate the location of the 212-keV 7 line in the 126 Sn 
level scheme, which rules out a misinterpretation of the 
212-keV 7 line. 

All the transitions newly observed in 126 Sn are given 
in Table [V] The spin and parity of the new states will be 
discussed and assigned in Sec. MI B 51 



5. Angular momentum and parity values of the high- 

. . n ion_ioR ~ 



states of 12 °- 126 Sn 



■spin 



Given that the new high-spin structures of 120_126 Sn 
reported in the previous sections are very close to each 
other, we assume that the similar states in the four level 
schemes have the same spin and parity values. 

First, we have extracted the internal conversion coef- 
ficients of the isomeric transitions of 120_126 Sn (at 241 
keV, 242 keV, 229 keV, and 180 keV respectively) by an- 
alyzing the relative intensities of transitions in cascade. 
The intensity imbalances of the 241-, 242-, and 229-keV 
7 rays measured in spectra in double coincidence with at 
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TABLE V. Properties of the new transitions assigned to Sn 
in this experiment. The energies of the long-lived isomeric 
state at 2564.5 keV (V = 10 + )and of the 5" state at 2161.5 
keV (written in bold) are from Ref. [2l| . 



E 7 (keV£ 






+ J / 


Ei(keV) 


E/(keV) 


180.5(3) 


36(7) 


15" - 


4 13" 


4345.7 


4165.2 


211.7(4) 


12(4) 


(6+) 


-> 5" 


2373.2 


2161.5 


476.7(3) 


28(7) 


16+ - 


-> 14+ 


5057.9 


4581.2 


570.5(3) 


56(11) 


13" - 


->■ 12+ 


4165.2 


3594.7 


761.7(4) 


8(3) 




(17-) 


6256.9 


5495.2 


777.1(4) 


9(3) 


(18+) 


-> 16+ 


5835.0 


5057.9 


986.5(3) 


44(9) 


14+ - 


->■ 12+ 


4581.2 


3594.7 


1030.2(3) 


100 


12+ - 


-> 10+ 


3594.7 


2564.5 


1149.5(5) 


13(4) 


(17-)- 


15" 


5495.2 


4345.7 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to the sum 
J" 7 (986) + / 7 (570) = 100. 



least one transition located above them in their respec- 
tive level scheme lead to atot < 0.1. This is consistent 
with El, Ml, or E2 assignment. On the other hand, 
the intensity imbalance of the 180-keV 7 ray of 126 Sn 
gives a to t = 0.25(5), in good agreement with the theo- 
retical value for E2 multipolarity, a tot {E2, 180 keV) = 
0.20 [23J]. Assuming that the nature of the former tran- 
sitions are also E2, we have calculated all the B(E2) 
values, which are reported in Table IVT1 One has to note 
that these B(E2) values have the same order of magni- 
tude as those already measured for the isomeric decay of 
some lower energy states, either in the even- A isotopes 
or in the odd-A ones. This will be discussed in Sec. IIV1 



TABLE VI. Properties of the new isomeric states of 120_126 Sn 



Nucleus 


E, 
keV 


keV 


ns 


B{E2)^_ 

e 2 /m 4 


B{E2)^ 
W.u. 


i2U Sn 

122 Sn 
124 Sn 
126 Sn 


4890.1 
4720.5 
4551.8 
4345.7 


241.1 
242.1 
228.5 
180.5 


36(4) 
146(15) 
260(25) 
160(20) 


18(2) 
4.4(4) 
3.2(3) 
16(2) 


0.51(5) 
0.12(1) 
0.09(1) 
0.42(5) 



a The number in parenthesis is the error in the last digit. 



Secondly, we have analyzed the 7 — 7 angular correla- 
tions of strongest transitions. The experimental results 
are given in Table I VIII The coincidence rates measured 
for 6 pairs indicate that all their transitions have the 
same multipole order: The 1190- and 241-keV transi- 
tions (in 120 Sn), the 1103-, 1030-, and 242-keV transi- 
tions (in 122 Sn), the 1047-, 996-, and 490-keV transitions 
(in 124 Sn). Since the 241- and 242-keV transitions are 
E2, a quadrupole order is also assigned to the 1190-, 
1103-, and 1030-keV transitions. Then the 1047-keV 7 
ray, located just above the 10 + state of 124 Sn is also E2, 
as the 1190- and 1103-keV 7 rays in 120 Sn and 122 Sn, 
respectively . On the other hand, both the 557- and the 
609-keV transitions have a different multipole order from 



TABLE VII. Coincidence rates between 7-rays of 120_124 Sn 
as a function of their relative angle of detection, normalized 
to the ones obtained around 75°. 





"E-,.- 


R(22°) a i 


R(46X 


R(75°V a i 


1190 
1190 


- 557 

- 241 


0.87(9) 
1.1(1) 


0.95(7) 
1.12(8) 


1.00(5) 
1.00(5) 


1103 - 

1103 

1103 


■ 1030 

- 609 

- 242 


1.17(9) 
0.8(1) 
1.2(1) 


1.07(7) 
0.96(7) 
1.14(8) 


1.00(5) 
1.00(5) 
1.00(5) 


1047 
1047 
996 - 


- 996 

- 490 
■ 490 


1.15(9) 
1.06(9) 
1.2(1) 


1.09(7) 
1.11(7) 
1.05(7) 


1.00(5) 
1.00(5) 
1.00(5) 



a The number in parenthesis is the error in the last digit. 



that of the 1190- and 1103-keV transitions, respectively 
(see Table fVTl|) . Thus they are dipole transitions. 

In conclusion, the cascades of three E2 transitions, 
placed above the 10+ isomeric states of 120 ~ 126 Sn, de- 
fine the 12+, 14+, and 16+ levels (see Figs. El 
and . Moreover the second cascade identifed in each 
level scheme comprises states with odd spin values, the 
/ = 13 state decays to the 12+ state and the 7 = 15 state 
is isomeric. A negative parity is assigned to the states of 
this second cascade since in 120 ' 122 Sn, the I = 13 state is 
linked to the long-lived 7~ state by means of a cascade 
of three transitions. This leads to the 9~ and 11~ states. 
All these assignments are reported in the level schemes 
drawn in Figs. El EE and H 



6. Comparison with other results recently published 

During the completion of this work, the decay of a 
new isomeric state in 128 Sn populated in the fragmenta- 
tion of 136 Xe was reported Q. Its deexcitation is very 
similar to that of the isomeric states we have measured 
in 120_126 Sn. The spin and parity values of all the states 
involved in the isomeric decay were proposed by compar- 
ison with results of shell-model calculations. 

Moreover, at the very end of the writing of this paper, 
we became acquainted with a publication on the high- 
spin states of the even-A 118 ~ 124 Sn [24|. The authors 
have used the fusion-fission process to populate a few 
levels lying above the long-lived 10+ states, the identi- 
fication of the first transition of each 7-ray cascade be- 
ing confirmed thanks to the behavior of its excitation 
function in the 124 Sn(rt, xn-y) reactions. The resulting 
four(three) new states of 120 ' 124 Sn( 122 Sn) are part of the 
structures identified in the present work. 
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C. Study of the odd- A Sn isotopes 



Populated in deep inelastic reactions, a few medium- 
spin levels were identified in the four odd- A 119_125 Sn 
isotopes prior to this work 0, [f|. The maximum spin 
values measured in these isotopes were 27/2 in case of 
negative parity and 19/2 or 23/2 in case of positive par- 
ity. Such states correspond to the breaking of one neu- 
tron pair in the f/iiiya subshell which gives rise to several 
sets of states, depending on the subshell occupied by the 
odd neutron. The I* — 27 /2~ state, attributed to the 
{vhu^Y configuration, is located between 3.1 MeV and 
2.6 MeV. It is a long-lived isomeric state in 123 Sn (34 fj,s), 
while the half-lives of the 27/2" states of H9,i2i,i25 Sn 
isotopes are in a 30-230 ns range, i.e. short enough such 
that coincidence events may be detected across the iso- 
meric states. The maximum spin of the (yhi\/2) 2 {yd^/2) 
configuration is 23/2 + . Such a state, which is isomeric, is 
only known in 123 ' 125 Sn. On the other hand, the four iso- 
topes exhibit a long-lived isomeric 19/2+ state, from the 
{ v hii/2) 2 {vsi/2) configuration, located around 2 MeV ex- 
citation energy. 

Using the data of the two fusion-fission reactions of 
the present work, we have identified, for the first time, 
several structures of 119_125 Sn located above 3 MeV ex- 
citation energy and spin values greater than 27/2. In 
the following, we first present the building of each high- 
spin level scheme. Then, we discuss the angular momen- 
tum and parity assignments of most of the new states of 
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FIG. 11. (Color online) Level scheme of 119 Sn deduced in the 
present work. The colored levels are new. The width of the 
arrows is representative of the relative intensity of the 7 rays. 
The two isomeric states were already known [2j|. In our work, 
the 818-keV transition could not be observed, nevertheless the 
19/2 + isomeric state is drawn for the sake of completeness. 



1. 119 Sn and 125 Sn 

The high-spin states of 119 Sn and 125 Sn are weakly 
populated in the two fusion-fission reactions used in the 
present work, as these two isotopes are in the tails of the 
Sn fragment distribution. The half-live of their 27/2~ 
states (at 3101 keV and 2624 keV respectively) are short 
enough to let the detection of coincidence events across 
the isomers. Therefore the search for 7-rays populat- 
ing their 27/2" states is more appropriate in the spectra 
gated by their low-lying transitions than in the spec- 
tra gated by their complementary fragments (namely 

120-122 Cd for 119 Sn and H4-116 Cd for 125 Sn) ^ 

In both data sets registered in our work, all the spec- 
tra doubly-gated by the 7- transitions decaying the 27/2~ 
state of 119 Sn reveal new 7-lines which have to be placed 
above it (see Fig. [TT|) . As for 125 Sn, a cascade of three 
new 7- transitions is observed in coincidence with the 
transitions decaying the 27/2" state at 2624 keV (see 
Fig. [T2"|) . The new transitions of 119,125 Sn are also ob- 
served in spectra gated by 7 rays emitted by their Cd 
partners. All the transitions observed in 119,125 Sn are 
given in Tables [Villi and HXl respectively. The spin and 
parity of the new states will be discussed in Sec. IIII C 41 

We have not identified any 7-ray cascade which would 
be placed above the 19/2 + or 23/2 + states of 119 Sn or 



TABLE VIII. Properties of the 119 Sn transitions. The ex- 
citation energy of the 11/2" state (written in hold) is from 
Ref. [1H 



E 7 (keV^. 




JJ^3J 


Ei(keV) 


E/(keV) 


174.6(3) 


61(9) 


27/2- 


-> 23/2- 


3101.1 


2926.6 


511.9(3) 


80(12) 


23/2" 


-» 19/2" 


2926.6 


2414.7 


827.8(4) 


15(5) 






5107.9 


4280.1 


876.8(4) 


26(6) 




27/2- 


3977.9 


3101.1 


1105.2(3) 


100 


19/2- 


15/2- 


2414.7 


1309.5 


1179.0(5) 


21(5) 




27/2" 


4280.1 


3101.1 


1220.0(3) 


100 


15/2- 


-> 11/2- 


1309.5 


89.5 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to / 7 (1105) = 100. 



125 Sn. Because of the long lifetime of these isomeric 
states, the transitions located above them can be only 
identified from their coincidences with transitions emit- 
ted by the partners. When taking into account that 
the weak population of these two Sn isotopes is shared 
between several complementary fragments, every coinci- 
dence rate was too low in the present work. 
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FIG. 12. (Color online) Level scheme of 125 Sn deduced in the 
present work. The colored levels are new. The width of the 
arrows is representative of the relative intensity of the 7 rays. 
The three isomeric states were already known [2lj . In our 
work, the 805-keV transition could not be observed and the 
very converted 167-keV line was extremely weak because of 
the lifetime of the decaying state. 



TABLE IX. Properties of the 125 Sn transitions. 



E 7 (keV)^ 






Ei(keV) 


E/(keV) 


161.3(3) 


51(8) 


27/2- 


-»■ 23/2" 


2623.3 


2462.0 


385.6(3) 


84(12) 


23/2- 


-»■ 19/2- 


2462.0 


2076.4 


402.8(4) 


52(12) 


23/2" 


-> 23/2+ 


2462.0 


2059.2 


778.4(5) 


16(5) 






5271.9 


4493.5 


923.7(4) 


34(8) 




+ 27/2- 


3547.0 


2623.3 


946.5(4) 


24(7) 






4493.5 


3547.5 


988.7(3) 


100 


19/2" 


-> 15/2" 


2076.4 


1087.7 


1087.7(3) 


100 


15/2- 


-> 11/2- 


1087.7 






a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to / 7 (989) = 100. 
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l Sn 



Prior to this work, the knowledge of the medium spin 
states of 121 Sn was very similar to the one of 119 Sn, 
namely the 27/2" and 19/2+ states and their decay to- 
wards the yrast levels having lower spin values. As in 
119 ' 125 Sn, the half-life of the 27/2" isomer is short enough 
to measure the coincidence events across it. An exam- 
ple of coincidence spectrum double-gated on the 1151-, 



1030-, 470-, and 175-keV transitions of the yrast cascade 
is drawn in Fig. 1131 Besides the transitions emitted by 
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FIG. 13. (Color online) Coincidence spectrum double-gated 
on the 1151-, 1030-, 470- and 175-keV transitions of the yrast 
cascade built on the low-lying 11/2" state of 121 Sn produced 
in the 18 + 208 Pb reaction. The 7-rays emitted by the 
Zr complementary fragments are labelled by their masses A, 
written in italics. 

the complementary fragments, 100_98 Zr, it exhibits new 
peaks at 1070, 1083, 1171, 1212, and 1457 keV. In a sec- 
ond step, we have analyzed the coincidence relationships 
of these new 7-lines and placed all these transitions in 
three cascades above the 27/2" state at 2833 keV (see 
Fig. I14p . In addition two other lines were observed in 
coincidence with a part of the yrast transitions, thus the 
889 keV transition defines a new state at 3076 keV and 
the 1152 keV one a new state at 3809 keV. 

The two most intense transitions of the new cascade 
assigned to 121 Sn thanks to their coincidences with their 
complementary fragments (see Sec. IHI Ap have energies 
of 1238 and 666 keV. In low-energy part of the double 
gate set on these two transitions (see Fig. fTST a)). two new 
transitions, at 223 keV and 377 kev, are clearly observed, 
the intensity of the 223 keV peak being the lowest. This 
would indicate that the 223 keV transition has to be lo- 
cated at the top of the cascade. Nevertheless, because of 
the comparison with the new cascade observed in 123 Sn 
(see Sec. IIII C 3ft . we have chosen to put this transition 
at the bottom of the cascade, assuming that it deexcites 
an isomeric state with a half-life long enough to lower 
its relative intensity. The measured imbalance leads to 
T1/2 = 0.5(l)/is when taking into account the conver- 
sion coefficient for an E2 transition, a tot (i?2,223 keV)= 
0.096 [Hj]. Unfortunately, the data from the SAPhIR ex- 
periment cannot be used to determine the half-life of this 
isomeric state, as it only emits one transition (in the time 
window of Euroball) . The corresponding events contain a 
unique 7-ray, this is not enough to select unambiguously 
the emitting nucleus. 

In the high-energy part of the spectrum shown in 
Fig. fTSTa). we observe two weak transitions, at 1110 
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FIG. 14. (Color online) Level scheme of 121 Sn deduced in the 
present work. The colored levels are new. The isomeric 27/2~ 
and 19/2 + states and their decays were already known [2lj |. 
The 841 keV transition could not be observed in our work. 
The width of the arrows is representative of the relative in- 
tensity of the 7 rays. 
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FIG. 15. Coincidence spectra double-gated on transitions be- 
longing to two new cascades, built from the 12 C + 238 U data 
set, in two energy ranges, [180-420] keV and [1060-1880] keV. 
(a) and (b) Cascade emitted by 121 Sn. The lines labelled by 
Rh are pollutions (they belong to Rh, the 667- and 378- 
keV transitions being part of its yrast cascade [2^]). (c) and 
(d) Cascade emitted by 123 Sn. 



3 Sn 



and 1813 keV, which are also present in the spectrum 
doubly-gated by the 666- and 377-keV transitions (see 
Fig. [HJb)). They are located at the top of the new cas- 
cade. Finally, the whole set is placed above the long-lived 
isomeric state at 1998 keV, which is the only solution 
to explain why these transitions do belong to the level 
scheme of 121 Sn while they are not detected in coinci- 
dence with its well-known yrast transitions. 



All the transitions observed in 121 Sn are given in Ta- 
ble |Xj The spin and parity of the new states will be dis- 
cussed in Sec. MI C 41 



The 23/2 + and 27/2~ isomeric states were identified in 
123 Sn, their very long half-lives being mainly due to the 
half-filling of the vhn/ 2 subshell. Thus the identification 
of all its excited states with V > 27/2~ or 23/2 + relies 
on the coincidences with 7-rays emitted by its comple- 
mentary fragments. 

As for the previous cases, we start with the two co- 
incident transitions at 1140 and 824 keV, assigned to 
123 Sn because of the mass distribution of the comple- 
mentary fragments in the two fusion-fission reactions (see 
Scc. lIII A"]) . The low-energy part of the spectrum doubly- 
gated on these two transitions reveals one new 7-line at 
261 keV (see Fig. HHtc)) and the high-energy part of the 
spectrum doubly-gated on the 261- and 824-keV tran- 
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TABLE X. Properties of the 121 Sn transitions. The excitation 
energies of the 11/2" and 19/2 + states (written in bold) are 
from Ref. EDl 



E 7 (keV£ 


T a > k 


jr 


^ J 7 


E,(keV) 


E/(keV) 


175.4(2) 


38(9) 


27/2~ 


-> 23/2- 


2832.7 


2657.3 


222.8(3) 


48(lo£ 


(23/2+) 


->■ 19/2+ 


2220.8 


1998.0 


376.9(3) 


33(7) 


(35/2+) 


-> (31/2+) 


4501.2 


4124.3 


470.2(2) 


68(13) 


23/2" 


-> 19/2" 


2657.3 


2187.1 


665.7(3) 


53(11) 


(31/2+) 


(27/2+) 


4124.3 


3458.6 


837.8(4) 


3(1) 


(35/2~) 


-> (31/2") 


5128.0 


4290.1 


889.4(4) 


9(3) 




->■ 19/2- 


3076.5 


2187.1 


1029.8(3) 


100 


19/2- 


-> 15/2- 


2187.1 


1157.3 


1047.1(5) 


weak 


— > 


(39/2+) 


7361.3 


6314.2 


1069.7(4) 


12(4) 




27/2- 


3902.4 


2832.7 


1082.9(4) 


21(4) 


(31/2-) 


27/2- 


3915.6 


2832.7 


1109.9(5) 


4(3) 


— > 


(35/2+) 


5611.1 


4501.2 


1151.0(3) 


100 


15/2- 


-> 11/2- 


1157.3 


6.3 


1151.6(4) 


8(4) 




-> 23/2" 


3808.9 


2657.3 


1170.6(5) 


6(3) 






5073.0 


3902.4 


1212.5(4) 


9(3) 


(35/2-) 


-> (31/2-) 


5128.0 


3915.6 


1237.8(3) 


53(11) 


(27/2+) 


->■ (23/2+) 


3458.6 


2220.8 


1457.4(4) 


6(3) 


(31/2-) 


-> 27/2- 


4290.1 


2832.7 


1813.0(4) 


5(2) 


(39/2+) 


-> (35/2+) 


6314.2 


4501.2 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to / 7 (1030) = 100. 
c See text. 



sitions shows new high-energy low-intensity transitions 
(see Fig.QSK)). 

The resulting structure, which is very similar to the 
one assigned to 121 Sn, is placed above the positive-parity 
isomeric state, the 23/2+ at 2153 keV (see Fig.QSJ}. It is 
worth noting that, due to the time range defining the 
coincidence events (about 300 ns), the already-known 
E2 transition (208 keV) deexciting this long-lived state, 
T1/2 = 6 /us, is never included in an event registered in 
our experiment. This explains why the new structure 
of 123 Sn contains one low-energy transition (261 keV) in- 
stead of the two transitions (223 and 377 keV) observed in 
121 Sn, as discussed in the previous section. Noteworthy is 
the fact that the three transitions decaying the 4378-keV 
state of 123 Sn have not been measured in the SAPhIR ex- 
periment. Thus the half-life of this state is smaller than 
30 ns. 

In addition, several weak transitions were observed in 
coincidence with those emitted by the same partners as 
123 Sn (namely 116 . 118 Te and 98 Zr )_ They form twQ cag _ 

cades of three 7-rays in mutual coincidences, which look 
like the new cascade of 125 Sn (located on the top of the 
27/2- state because of the coincidence relationships with 
its yrast transitions, see Fig. [T2|) . Thus we have tenta- 
tively placed the two new cascades above the long-lived 
27/2" state of 123 Sn (see Fig.HBJ). 

All the transitions observed in 123 Sn are given in Ta- 
ble IXII In our experiments, a small number of events 
which contain the low- lying transitions of 123 Sn are regis- 
tered since the prompt fold of the corresponding cascades 
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FIG. 16. (Color online) Level scheme of 123 Sn deduced in 
the present work. The colored levels are new. The isomeric 
27/2-, 23/2+ and 19/2+ states and their decays were already 
known 21]. The 208 and 838 keV transitions could not be 
observed in our work, as well as several other decays of the 
27/2- and 23/2" states [jj. Two new cascades are tentatively 
placed above the 27/2" state (see text). The width of the 
arrows is representative of the relative intensity of the 7 rays, 
except for that of the decay of the 27/2" long-lived isomeric 
state (see text). 



is strongly lowered by the long half- life of the 27/2" state 
(34 /is) . Thus the intensities of the transitions located be- 
low that state could not be given relative to that of the 
ones located above the isomeric states. Nevertheless we 
have chosen to put the 7-lines in Table 1X11 as their en- 
ergies are now known more precisely than previously Q . 
The spin and parity of the new states will be discussed 
in Sec. HIT C 41 
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TABLE XI. Properties of the ^Sn transitions. The exci- 
tation energy of the 23/2 + state (written in bold) is from 
Ref. UK. 



E 7 (keV£ 


T a i ^ 


37- 


^ J 7 


Ei(keV) 


E/(keV) 


169.8(2) 


c 


27/2" - 


23/2- 


2711.3 


2541.5 


261.4(3) 


43(9~ 


(35/2+) - 


"> (31/2+) 


4378.0 


4116.6 


279.1(2) 




23/2 - 


19/2 


2541.5 


2262.4 


823.6(3) 


100 


(31/2+) - 


(27/2+) 


4116.6 


3293.0 


928.3(4) 


3(1) 


— > 


(39/2+) 


7159.2 


6231.0 


1106.8(2) 


c 


15/2" - 


-> 11/2" 


1106.8 





1140.0(3) 


100 


(27/2+) 


-> 23/2+ 


3293.0 


2153.0 


1155.6(2) 


c 


19/2" - 


-> 15/2- 


2262.4 


1106.8 


1265.8(4) 


12(4" 


— > 


(35/2+) 


5643.8 


4378.0 


1515.3(5) 


6(2) 






7159.2 


5643.8 


1853.0(5) 


5(2) 


(39/2+) - 


-> (35/2+) 


6231.0 


4378.0 


710.5(3) 


d 






5520.4 


4809.9 


735.0(3) 








5477.6 


4742.6 


987.8(3) 




(35/2-) - 


-> (31/2-) 


4742.6 


3754.8 


991.6(3) 


"d 


(35/2-) - 


-> (31/2-) 


4809.9 


3818.3 


1043.5(3) 


7 


(31/2-) 


-> 27/2- 


3754.8 


2711.3 


1107.0(3) 


7i 


(31/2-) 


-> 27/2- 


3818.3 


2711.3 



a The number in parenthesis is the error in the last digit. 
b The relative intensities are normalized to / 7 (824) = 100. 
c See text. 

d Tentative attribution. 



4- Angular momentum and parity values of the high-spin 
states of 119 " 125 Sn 

The statistics of our data related to the high-spin states 
of the odd-A Sn nuclei is too low to perform 7 — 7 angu- 
lar correlation analyses. Therefore, the spin assignments 
shown in Figs. [11] [12j HU and [16] are based upon a few 
features: 

• All the transitions with an energy > 1 MeV are 
assumed to have an E2 multipolarity. 

• The 223-keV transition of 121 Sn is assumed to be 
E2 (see Sec. 1111 C 21) . 

• The 666- and 377-keV transitions of 121 Sn, as well 
as the 824- and 261-keV transitions of 123 Sn, are 
assumed to be E2, as the 35/2+ state with the 
{yhwi-if'iyd-ij'i) 1 configuration is expected to de- 
cay to the 23/2+ state with the (f/in/2) 2 (1^3/2 ^ 
configuration by means of a cascade of three E2 
transitions. 

Lastly, we can compute a few transition probabili- 
ties. As mentioned above, the half-life of the 2221- 
keV state of 121 Sn is T1/2 = 0.5(l)/xs, then the value 
of B(E2; 23/2+ -> 19/2+) is 1.9(4) e 2 fm 4 . The half- 
life of the 4378-keV state of 123 Sn is T 1/2 < 30 ns, that 
leads to the value of the reduced transition probability, 
B(E2; 35/2+ -> 31/2+) > 15 e 2 /m 4 . 



IV. DISCUSSION 
A. General features of j n configurations 

The nuclear shell model (SM) describes the many-body 
nuclear system in terms of a single-particle Hamiltonian 
representing the average effect of the strong nucleon- 
nucleon interactions on a given nucleon, plus residual 
interactions among a smaller number of particles, the va- 
lence nucleons near the Fermi surface, H = Ho + V res . 
The identification of states involving many identical nu- 
cleons in the same orbit j, i.e. states with the j n con- 
figuration, is a straightforward application of SM. These 
states are expected to exhibit typical features indicat- 
ing properties of the residual interaction. For instance 
it is now well known that, when it is assumed that only 
two-body forces contribute, V res (l, 2), the interaction be- 
tween n nucleons in one shell j can be expressed in terms 
of the two-particle matrix elements. Moreover, when us- 
ing the seniority number, v (which can be defined as the 
number of unpaired nucleont0), we can relate the two- 
body interaction matrix elements of seniority-?; states in 
the j n configuration to the matrix elements in the j v 
configuration. 

To illustrate these features, it is instructive to look at 
results of calculations performed many years ago on the 
proton (/in/2)" configurations [27|. The spectra associ- 
ated with n =3, 4, 5, and 6, the latter corresponding to 
mid-shelfl, were calculated using the residual interactions 
taken from the experimental spectrum of ^gf Dy 82 (with 
n =2). For n > 3, there are often several states with 
the same angular momentum. If the two-body residual 
interactions conserve seniority, the latter can be used as 
a quantum number to characterize each state. It is worth 
recalling that to be diagonal in the seniority scheme, a 
condition involving the five diagonal matrix elements of 
the (/in/2) 2 interaction has to be fulfilled [28j |. While 
this condition is not satisfied by most general two-body 
interactions, it is fulfilled in the present case [27[. Thus 
the predicted spectra of (/111/2)™ configurations are very 
similar, whatever the number of nucleons. 

This is illustrated by the theoretical results obtained 
for the yrast states of (nhxift)™ configurations with 
even n, drawn in Fig. 117( a). Above the first multiplet 
(I 7r =2+,.., 10+) of v —2 seniority, we observe a second 
group of states (F r =12+, 14+, and 16+) with w=4. When 
breaking a third hn/2 pair, we obtain the highest-spin 
value available in this orbit, I 7r =18 + . It is worth noting 
that the v=Q 14+ state is located below the v=4 16+ 
state, that has a paramount importance for the decay 



3 For a recent review on the use of the seniority quantum number 
in many-body systems, see Ref. |2(| . 

4 Due to the particle-hole symmetry, the spectrum associated to 
the (•7r/in/2) n configuration is the same as the (tt/ixx^) 12-71 one. 
Thus it is sufficient to discuss the cases with n < 6. 
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FIG. 17. (Color online) Evolution of the yrast states with 
the (7r/iii/2) n configuration as a function of n, the number of 
protons occupying the orbit (see text), (a) Even number of 
protons. The states with one broken pair (w=2) are drawn in 
black, with two broken pairs («=4) in red and three broken 
pairs (v=6) in green, (b) Odd number of protons. The states 
with one broken pair (v=3) are drawn in black, with two 
broken pairs (v—5) in blue. 



of the 16 + state. While the 16 + — > 14 + transition is al- 
lowed, the one between states of the same seniority is for- 
bidden as the orbit is half-filled, i.e. B(E2; 16+ Uf) 
=0. As a result, the value of the half-life of the 16 + state 
of the (7r/in/2) 6 configuration can be even lower than the 
one of the 16 + state of the {irhu^Y- 

The results obtained for the yrast states of (7^11/2)™ 
configurations with odd n are drawn in Fig. ll7f b). While 
the energy of the 27/2" state is close to the one of the 
10+ , the highest-spin states obtained for an odd num- 
ber of nucleons are located at lower energy than the ones 
obtained for an even number. Thus we expect a more 
compressed spectrum when the number of nucleons oc- 
cupying the j orbit is odd. 

Unfortunately the experimental behaviors of the 
(7r/i 11 / 2 ) 4,5 ' 6 configurations have never been tested, the 
nuclei of interest lying very close to the proton drip-line. 
Since they are only produced in reactions with very low 
cross sections, their high-spin states could not be identi- 
fied. 

Pure j n configurations occur in a very few nuclei, since 
an orbit j is rarely bounded by two gaps in energy. The 
closeness of several orbits leads to configuration mixings, 
nevertheless some of the features due to seniority are 
found to survive. For instance, there are in semi-magic 
nuclei fairly constant spacings between the + ground 
state and some v = 2 states, even though large changes 
in configuration mixings occur. The Sn nuclei provide a 
typical example, the energies of their first two states, 
(F=2 + and 4 + ) do not vary much across the major 
shell (54 < N < 80), while the neutron orbits evolve 



FIG. 18. Evolution of the 2 + and 4 + states of the Sn isotopes, 
as a function of the mass number. 

The highest-spin states of the Sn isotopes with N > 64 
do contain a large (^/iii/2)™ component, since the two 
low-j orbits cannot afford large spin values. Therefore 
their study as a function of the neutron number gives 
us the opportunity to explore the main features of the 
(i//in/2) 4,5:6 configurations. However such a work is re- 
stricted to A > 120 since the yrast states of the lightest-A 
Sn isotopes are dominated by a collective band coming 
from 2p-2h excitations across the Z = 50 gap, which 
hampers identifying states coming from the (^11/2)™ 
configurations. The maximum values of angular momen- 
tum obtained for various configurations with several bro- 
ken pairs are given in Table Kill 



TABLE XII. Various configurations with several broken pairs, 
expected in heavy-A Sn isotopes. 

configuration 

(Win/2) 3 
{uh 11/2 ) 4 
{vh 11/2 f 
(Wln/2) 8 



{vh 11/2 ) 1 {ud z/ 2 

(vh 11/2 ) 4 (vd 3/2 
(vh 11/2 ) 5 (vd 3/2 
(vh 11/2 ) 6 (vd 3/2 



r 

± max 


nucleus 


10+ 


even-A 


27/2" 


odd-A 


16+ 


even-A 


35/2" 


odd-A 


18+ 


even-A 


7" 


even-A 


23/2+ 


odd-A 


15" 


even-A 


35/2+ 


odd-A 


19" 


even-A 


39/2+ 


odd-A 



B. High-seniority states of the Sn isotopes 

The systematics of the excitation energies of the 
highest-spin states in the 12 °- 128 Sn even-A isotopes are 
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FIG. 19. (Color online) Evolution of the highest-spin states of 
the even-A Sn isotopes, as a function of the mass number (this 
work and Ref. 0| for 128 Sn). The state having the maximum 
angular momentum of each configuration is drawn with a filled 
symbol, (a) Excitation energies of the positive-parity states 
above the 10 + level. For the peculiar behavior of the 18 + 
states (drawn with asterisks), see text, (b) Excitation energies 
of the negative-parity states above the 7~ level. 



shown in Fig. [191 Noteworthy is the fact that the highest- 
energy state of 122,126 Sn measured in the present work is 
assigned to be the 19 _ state which is expected above the 
17~ state, knowing that the 19 _ -17~ distance in energy- 
is most likely lower than that the 17~- 15~ one. 

The evolution of the positive-parity states is very 
smooth. Likewise, the energies of the negative-parity 
states display a very regular behavior. This indicates 
that their main configurations are the same, whatever the 
number of neutrons. Being very close in energy for 69 < 
TV < 81, the three neutron orbits (vsuz, vh\\/2, vds/2) 
are gradually filled together. Then the occupation num- 
ber of the vhn/2 subshell does not change by two units 
from one even-^4 isotope to the next one and the max- 
imum value of seniority does not display the stepwise 
behavior as a function of A, shown in Fig. [T71 

Taking into account the maximum values of angular 
momentum given in Table I XIII it is tempting to assume 
that the positive-parity states have the (f/ln/2) 4 and 
(zWin/2) 6 configurations, and the negative-parity states, 
the (vh 11 / 2 ) 3 (vd 3/2 ) 1 and {yh 11/2 f (yd^^) 1 configura- 
tions. Nevertheless we can notice immediately the pecu- 
liar behavior of the 18 + states: (i) the irregular variation 
of its excitation energy as a function of A, and (ii) the low 
value of the 18 + -16 + gap in energy as compared to the 
results given in Fig. 1171 Thus the main configuration of 
the 18 + states is likely not the h e configuration (this will 
be discussed in the next section). All the assignments 
written in Fig. [TpJ are corroborated by the results of shell 
model calculations presented in Sec. IIV CI 

As above mentioned, when using the proton 
residual interactions extracted from the 148 Dy spectrum, 



the 14 + state with seniority v =6 is located below the 16 + 
state with seniority v —A. Then the 16 + state decays pre- 
dominantly towards that 14 + state when the subshell is 
half-filled, since the decay towards the 14^ state is hin- 
dered. As for the Sn isotopes, we did not observe any 
delayed component in the 7-ray cascades located below 
the 16 + states, meaning that their half-lives are smaller 
than 30 ns. This would lead to B(E2; 16+ -4 14+) > 
0.7 e 2 /m 4 for 124 Sn, for instance. This limit is close to 
the low value of B(E2; 10+ -> 8+) in 122 > 124 Sn, which is 
due to the half-filling of the vh XX j 2 orbit [|| (see below). 
Thus in order to determine whether the 14 + states mea- 
sured in the Sn isotopes have the seniority v —4 or v =6, 
we would need to know a more precise limit of the 16 + 
half-lives. 

The E2 decays of the isomeric 15~ states identified 
in the even- /I 120 ~ 126 Sn isotopes allow us to confirm 
their main configuration, (Win/a) (^3/2) ■ It is well 
known that the sign of the E2 transition amplitude be- 
tween two states with the same seniority depends on 
the occupation rate of the orbit, being positive for low 
values and negative for high values. Thus the behav- 
ior of y/B(E2; 10+ — > 8+) as a function of the Sn mass 
number was used to determine the half-filling of the 
vh\\i 2 orbit, i.e. when particle and hole contributions 
exactly cancel one another. That happens for A =123 or 
N =73 Q. Results obtained in odd- A Sn isotopes cor- 
roborated this value [3, 0] ■ Indeed the transition prob- 
ability between two states with seniority v = 3, such 
as B(E2;27/2~ — > 23/2~), displays the same behavior 
with regard to the orbit filling as the one between two 
states with seniority v = 2, such as B(E2; 10 + — > 8 + ). 
Nevertheless in order to plot the y/B(E2) values of both 
the even- and odd-A Sn isotopes in the same graph, one 
has to compensate the fractional parentage coefficients 
enterin g in the expression of the states with seniority 
v = 3 [28]: the B(E2) values corresponding to v = 3 
have to be multiplied by 0.264 [H. 

The E2 transition amplitudes for these two sets of iso- 
meric transitions are drawn in Fig. 1201 as well as the re- 
sults of the 15~ — ► 13 _ transitions obtained in the present 
work. The latters follow exactly the same trend as those 
of the 10+ -> 8+ transitions and the 27/2" -> 23/2" 
ones This confirms that the main configuration of the 
15~ and 13~ states of the even- A 120 ~ 126 Sn isotopes is 

The excitation energies of the negative-parity states 
above the 27 /2~ level in 119_125 Sn are drawn in 
Fig. l2"TT a). The highest-spin states of the seniority v =5 
are more compressed in energy than the ones of seniority 
v —4 shown in Fig. fPWa). as predicted for the (nhn/ 2 ) n 
configuration (see Sec. IIV Al and Fig. [TT)) . 

The positive- parity states above the 23/2+ level in 
121 Sn and 123 Sn are due to the breaking of two and 
three neutron pairs in the vhn/ 2 orbit [see Fig. l2"TT b)]. 
Their almost constant energies indicate once more that 
the three neutron orbits close to the Fermi level are grad- 
ually filled, so the level energies do not depend very much 
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FIG. 20. (Color online) E2 transition amplitudes for the 
(vhn/2) n isomeric transitions in the Sn isotopes, n = 2 for the 
decay of the 10 + states, n = 3 for the decays of the 27/2" and 
15~ states. The experimental values for the 27/2" states (in 
green) and for the 15" states (in blue) have been normalized 
(see text). 
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FIG. 21. (Color online) Evolution of the highest-spin states 
of the odd- A Sn isotopes, as a function of the mass number 
(this work). The state having the maximum angular momen- 
tum of each configuration is drawn with a filled symbol, (a) 
Excitation energies of the negative-parity states above the 
27/2" level, (b) Excitation energies of the positive-parity 
states above the 23/2 + level. 



on the total number of neutrons. 



C. Results of shell model calculations 

We have performed shell-model calculations using the 
ANTOINE code [30|, the calculational details being the 
same as those described in Ref. 31]. Since the present 
work mainly involves high-spin states, we have restricted 
the calculations to the excited states with spin val- 
ues higher than 7~/10 + for the even- A isotopes and 
23/2 + /27/2~ for the odd-A In this section, we only 



present results of 125 Sn and 126 Sn, as those of the lower- 
A isotopes are nearly the same. 

The yrast spectra above the long-lived isomeric states 
are shown in Fig. [22] The angular momenta of the states 
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FIG. 22. (Color online) High-spin levels of 125 Sn and 126 Sn 
predicted by the SM calculations (see text). 

drawn with dotted lines comprise components involving a 
broken pair in the low-j orbits, vd^/ 2 or vs i/2- The com- 
parison of results given in Fig. [22] with those obtained 
for a pure (/in/2)™ configuration (see Fig. [T7]) shows the 
influence of the low-j neutron orbits in the energies of 
these states. For instance, the 31/2" state is now lo- 
cated at mid-distance between the 35/2~ and the 27/2 _ 
states (see Fig. |22|) . In the same manner, the 12 + state 
is located at mid-distance between the 14 + and the 10 + 
states, while it is located nearer the 14 + state in the first 
calculation. 

On the other hand, the states drawn with solid lines 
are due to the complete alignment of the hu/ 2 mo- 
menta of the neutron belonging to the broken pairs 
(cf. the configurations given in Table IXII[) . For in- 
stance, the main configuration of the 35/2+ state of 
125 Sn is {vs 1/2 ) Q {vd 3/2 ) 3 (vh 11/2 ) 8 (61%), i.e. the break- 
ing of two vhn/2 pairs, and the main configuration 
of the 39/2+ state is {vs 1/2 ) 2 (vd 3/2 ) 3 (ish 11/2 ) 6 (79%), 
i.e. the breaking of three i//i n ^ 2 pairs. Results ob- 
tained for 126 Sn are very similar, except for the 18 + 
yrast state (drawn in black in Fig. [22]) . Its main 
configuration is {^s 1 / 2 ) 1 (iyd 3 / 2 ) 3 (i/h 11 / 2 ) s (59%), the 
( t/ Si/2) 2 (^<^3/2) 4 (^^ii/2) 6 component being well weaker 
(11%). Conversely, the main component of the 18^~ state 
(drawn in red in Fig. [22]) is (^s 1 / 2 ) 2 (^rf3/2) 4 (' y ^ii/2) 6 
(79%), i.e. the breaking of three vh XX j 2 pairs. Thus 
in 126 Sn, the breaking of the third vh\\i 2 pair, which 
only provides an angular momentum of 2h, competes un- 
favorably with the breaking of a low-j pair, which can 
also provide an angular momentum of 2h, either from 
the (i / Si / /2) 1 (j y rf3/2) 3 configuration or from the {vd 3 / 2 ) 2 
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one. It is worth noting that such a process does not oc- 
cur in the 39/2 + state of 125 Sn, because of the blocking 
of the orbit by the odd neutron. 

These theoretical results are in good agreement with 
the experimental ones, particularly the various distances 
in energy between successive states are well reproduced. 
First, the 14+-12+ distance is found to be close to the 
12 + -10 + one, as measured experimentally. Similar re- 
sults are obtained for the 35/2--31/2 - and 31/2--27/2" 
spacings which are well predicted. Secondly, the bunch- 
ing of the three states with I" =11~, 13~, and 15~ is 
well reproduced, as well as the large gap between the 
15 _ and 17~ states. Lastly, the peculiar behavior of the 
experimental 18 + states is likely due to the breaking of a 
low-j neutron pair, which is expected to evolve as a func- 
tion of A since the vs-yji orbit gets farther away from the 
neutron Fermi level as N is increasing. 

In summary, we have identified states having the max- 
imum value of angular momentum of either the (^11/2)™ 
configurations or the {vhn^^^d^^) 1 ones, with n=l, 
2, 3, 4, 5, and 6, in the even- A and odd-A Sn isotopes (see 
Table El and also Figs. [I9"l and ET]). The only missing 
state is the 18 + state from the (V/in/2) 6 configuration, 
which is not yrast. 

D. Search for high-seniority states from other j n 
configurations 

While there are numerous examples of states with se- 
niority v =2 in the literature, states with seniority v =4 
are scarce. The 10 + and 12 + states of the (7rgg/2) 4 config- 
uration have been identified in the two N =50 isotones, 
94 Ru and 96 Pd [2l|. On the other hand, the highest-spin 
level measured in the (vgg/2 ) 4 configuration ( 72 ' 1^144,46 ) 
is the 8 + state of seniority v =2. As for the (tt/ih^)™ 
configuration, which is expected in the N =82 isotones 
having Z > 68, only one experimental result has been 
obtained as the nuclei of interest are close to the proton 
drip line: The v =4 16 + state of the (7r/i n / 2 ) 4 configura- 
tion is identified in ^gEr [Uj]. 

The next high-j orbital is 213/2, which is located in 
the middle of the 82-126 major shell. The excitation en- 
ergy of the 13/2 + state measured in 199 > 201 p D is around 
500 keV above the 5/2~ and 3/2~ states, meaning that 
the main configurations of the high-spin states expected 
in the Pb isotopes are likely complex. Indeed several 
v =4 states which were measured in the 200 > 202 > 204 pb nu- 
clei [21(, have the configurations (vii3/2) 2 {vf5/2) 2 (16 + ) 
and (^i3/2) 3 ( J/ /5/2) 1 (F 7- , 19~), but the breaking of two 
or three pairs of 113/2 neutrons has never been observed. 
We have to recall that the high-spin level schemes of these 
Pb nuclei display coexisting collective structures which 
make difficult to identify the states having (2^13/2)™ con- 
figuration, with n > 3. 

In the Sn nuclei, several high-spin states having a con- 
figuration j v , with v =5 and 6, are identified for the first 
time in the present work. Such an observation is unique 



in the whole nuclear chart, because several prerequisites 
are needed which seem to be only fulfilled by the heavy- 
A Sn nuclei and the f/in/2 orbit: (i) the nuclei have to 
be spherical, without shape coexistence leading to a vast 
number of high-spin states forming the yrast sequence, 
(ii) the spherical high-j orbit has to be isolated from the 
others in order to be the main active one, (iii) the high- 
spin states of the nuclei of interest have to be populated 
with enough intensity to be measured. 

V. SUMMARY AND CONCLUSION 

Thanks to the high efficiency of the Euroball array, 
many high-spin states have been identified in 119_126 Sn 
isotopes. These nuclei have been produced as fission frag- 
ments in two reactions induced by heavy ions: 12 C+ 238 U 
at 90 MeV bombarding energy, 18 O+ 208 Pb at 85 MeV. 
The level schemes have been built up to 5-7 MeV exci- 
tation energy by analyzing triple 7-ray coincidence data. 
Spin and parity values have been assigned to most of 
the high-spin states using 7 — 7 angular correlation re- 
sults. In addition, the use of the fission-fragment de- 
tector, SAPhIR, has allowed us to identify new isomeric 
states in the even- A 120_126 Sn isotopes. All the observed 
states can be described in terms of several broken neu- 
tron pairs occupying the vhn/2 orbit. The maximum 
value of angular momentum available in this high-j shell, 
i.e. for its mid-occupation and the breaking of the three 
pairs (seniority v=6), has been identified. 

This process, which is observed for the first time in 
spherical nuclei, has some similarities with the one in- 
volved in some deformed nuclei. Several N = 90 isotones 
show evolution of collectivity with spin. While the nuclei 
are prolate for 1=0, the lowest energy states at 7=40-50 
are due to oblate shape. There the nuclei can be consid- 
ered as a closed core of 146 Gd and several additional va- 
lence particles in the j orbits lying above the Z =64 and 
N =82 closures. Then the observed band structure ter- 
minates at the maximum value of spin available to the va- 
lence nucleons. For instance, in ff Er, band termination 
occurs at spin 4Qh (32[, when all the 12 valence nucleon 
spins are aligned, (7r/iii/ 2 ) 4 (^/7/2) 3 (^/2) 3 (^i3/2) 2 , i-e. 
a configuration with 6 broken pairs, but involving 4 dif- 
ferent orbits. 
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